Centrosome amplification is a frequent phenomenon in malignancies and may facilitate tumorigenesis by promoting chromosomal instability. On the other hand, a centrosome inactivation checkpoint comprising centrosome amplification leading to elimination of cells by mitotic catastrophe has been described in response to DNA damage by ionizing radiation or cytostatic drugs. So far, the exact nature of DNA damage-induced centrosome amplification, which might be overduplication or fragmentation of existing centrosomes, has been controversial. To solve this controversy, we have established a method to distinguish between these two possibilities using A549 cells expressing photoconvertible CETN2-Dendra2. In response to various DNA-damaging treatments, centrosome amplification but not fragmentation was observed. Moreover, centrosome amplification was preceded by excessive formation of centrin-containing centriolar satellites, which were identified as de novo-generated atypical centrin dots staining positive for centriolar satellite markers but negative or only weakly positive for other established centrosomal markers, and which could be verified as centriolar satellites using immunogold electron microscopy. In line with this notion, disruption of dyneinmediated recruitment of centrosomal proteins via centriolar satellites suppressed centrosome amplification after DNA damage, and excessive formation of centriolar satellites could be inhibited by interference with Chk1, a known mediator of centrosome amplification in response to DNA damage. In conclusion, we provide a model in which a Chk1-mediated DNA damage checkpoint induces excessive formation of centriolar satellites constituting assembly platforms for centrosomal proteins, which subsequently leads to centrosome amplification.
INTRODUCTION
Centrosomes are cytoplasmic organelles consisting of two centrioles surrounded by pericentriolar material. [1] [2] [3] Centrosomes play a fundamental role in organizing both the interphase cytoskeleton and the mitotic spindle. [1] [2] [3] To assure spindle bipolarity, centrosomes are normally duplicated exactly once per cell cycle in parallel with DNA replication in a tightly regulated manner. [1] [2] [3] In addition, centrosomes have been implied in regulation of cell cycle transitions and the DNA damage response. [4] [5] [6] Centriolar (or pericentriolar) satellites are electron-dense, spherical granules measuring 70-100 nm that are preferentially but not exclusively localized in the vicinity of centrioles. 7 Pericentriolar material-1 (PCM-1) is widely used as a marker protein for these structures where it may act as a scaffolding protein. [8] [9] [10] In recent years, localization at centriolar satellites has been described for several other proteins including BBS4 and CEP290. 7, 11 Moreover, there is accumulating evidence that these structures play important roles in ciliogenesis and centrosome function especially in neuronal progenitors. 7, 11 As a unifying functional explanation, it has been proposed that centriolar satellites serve as assembly platforms for centrosomal proteins that may then be transported to their target structures at the centrosome by a dynein/dynactin-mediated transport mechanism. 9, 12 Centrosome amplification, a frequent phenomenon in both solid and hematologic neoplasms, has been shown to promote chromosome missegregation and may thereby facilitate tumorigenesis by inducing chromosomal instability. 4, 13, 14 It has been known for decades that a broad range of DNA-damaging agents including cytostatic drugs and ionizing radiation can induce multipolar mitotic spindles and centrosome amplification/ fragmentation in both malignant and non-transformed cell lines. [15] [16] [17] [18] [19] More recently, centrosome fragmentation/amplification mediated by the checkpoint kinases DmChk2 in Drosophila and Chk1 in human cells has been demonstrated to function as a centrosome inactivation checkpoint in response to DNA damage, whereby cells that cannot be repaired may be eliminated via mitotic catastrophe. 18, [20] [21] [22] [23] [24] [25] Hence, regulatory mechanisms taking place at the centrosome may also have important roles in the cellular responses to cancer therapy by either ionizing radiation or cytostatic drugs. Further research on the exact nature of these mechanisms is required as controversial views exist about the nature of the observed appearance of supernumerary centrosomes after DNA damage: Both fragmentation of existing centrosomes and a true amplification in terms of new formation of additional centrosomes have been proposed. amplification, we have established a method to visualize centrioles in live cells via stable exogenous expression of the core centriolar protein centrin-2 (CETN2; White et al. 26 ) coupled to the photoconvertible fluorescent protein Dendra2, 27 which allows to differentiate between pre-existing and newly formed centrioles after photoconversion (Supplementary Figure S1 ). Our present study demonstrates that centrosomal material appears de novo in response to DNA damage. Moreover, we found evidence that the appearance of complete supernumerary centrosomes is preceded by accumulation of centrin-containing centriolar satellites.
RESULTS

DNA damage induces de novo appearance of atypical centrin dots
The human lung adenocarcinoma cell line A549, which is characterized by a low level of background centrosome amplification, was used to construct a cell line stably expressing CETN2-Dendra2. As expected, the transgene specifically marked centrioles, as revealed by their typical morphology and their colocalization with centrosomal markers in immunofluorescence, while cell proliferation and viability were not affected. Next, we established a protocol using a LED-producing monochromatic light of a wavelength of 365 nm to induce near-complete photoconversion of the CETN2-Dendra2 protein from an emission maximum of 507 nm (green) to 573 nm (red) without affecting cell viability. Following photoconversion, centrioles could be visualized as red dots (Supplementary Figures S1 and 2 ). When cells were traced by live cell imaging, centrioles could be followed from the time of photoconversion for up to 72 h because of the retention of switched CETN2-Dendra2, while the proportion of newly synthesized CETN2-Dendra2 appearing green within old centrioles gradually increased (Supplementary Figure S2) . In contrast, centrioles newly synthesized after photoconversion could be distinguished from pre-existent centrioles by their exclusively green appearance (Supplementary Figure S2) .
To observe centriole amplification after DNA damage, we established a standardized live cell imaging protocol of photoconversion followed by Z stack image acquisition of green and red fluorescence every 24 h for a total of 72 h (Supplementary Figure S2) . The final Z stack image set after 72 h was acquired twice, which enabled us to verify that the Z stack image acquisition per se did not cause photoconversion of CETN2-Dendra2. During each 24-h interval between fluorescence images, cells were chased with differential interference contrast images taken every 20 min. This protocol enabled us to follow the cells without excessive phototoxicity (Supplementary Figure S2) . Using a range of different DNA-damaging conditions compared with controls, we classified all observed cells as to whether they showed fragmentation or amplification of CETN2-Dendra2 signals (Supplementary Figure S1) : Although fragmentation would be expected to lead to supernumerary CETN2-Dendra2 signals retaining the same proportion of switched (red) fluorescent centrin as seen in pre-existing centrioles, amplification should be identifiable by a higher proportion of newly synthesized, green CETN2-Dendra2 within supernumerary centrin signals (the latter being defined as appearance of 44 or clearly atypical signals in a cell with regular centriole content at 0 h).
This analysis revealed that all modes of DNA damage induction significantly increase the proportion of cells showing amplification of CETN2-Dendra2 signals, with treatments inducing DNA doublestrand breaks being most efficient (Figure 1a) . Noteworthy, amplified CETN2-Dendra2 signals were always exclusively green, while centriole fragmentation was never observed. Using different doses of ionizing radiation, our results are consistent with a dose-response relationship in the lower range (2 vs 5 Gy) and a saturation effect at higher doses (5 vs 10 Gy). Although 2 mM hydroxyurea seemed to be more toxic to cells than the bleomycin and radiation doses used, it was less efficient in inducing CETN2-Dendra2 amplification (Figure 1a and Supplementary Table S1 ).
Closer examination of the CETN2-Dendra2 signals generated in excess revealed a variable morphology: Although excessive signals resembling normal centrioles were also found, the majority of newly arisen CETN2-Dendra2 signals displayed an atypical morphology, often being unusually large dots, sometimes with a cloudy appearance (Figures 1b-d and Supplementary Figure S2) . The two images taken at the end of each live cell imaging session separated by an interval of about 30 min revealed further characteristics of these formations: First, they were mobile within this short interval. Although they were located adjacent to preexisting centriole pairs in most cases, they sometimes moved further away therefrom, consistent with a rather loose association with pre-existing centrosomes (Figures 1b and d) . Second, the morphology of the newly arisen CETN2-Dendra2 signals was changeable. For example, large centrin dots turned into structures consisting of several small dots and vice versa (Figure 1c and Supplementary Figure S2) . We conclude that in the examined cell line, DNA damage specifically induces the de novo appearance of atypical centrin dots.
DNA damage-induced atypical centrin dots indicate excessive formation of centriolar satellites To further corroborate our observations and rule out artificial aggregates of the transgene product, we immunostained DNA damage-induced atypical CETN2-Dendra2 dots with several centrosomal marker proteins, which revealed that these atypical centrin dots were negative or only weakly and inconstantly positive for g-tubulin, pericentrin, C-Nap1, rootletin, SAS-6 and STIL (Figures 2a-d and data not shown), clearly arguing against the notion that atypical centrin dots represent newly formed, complete centrosomes. In contrast, the centriolar satellite marker PCM-1 consistently colocalized with atypical centrin dots, where it showed very bright signal intensity (Figure 2e ). This colocalization also enabled us to more reliably identify theses atypical structures, which occasionally reached large sizes, when PCM-1 tended to preferentially stain the outer surface while CETN2-Dendra2 was homogenously localized within these structures (Figure 2e ). The notion that DNA damage-induced atypical centrin dots are in fact centriolar satellites was further corroborated by colocalization with BBS-4 and CEP-290, two other markers of centriolar satellites (Figures 2f and g ).
In accordance with published results, 9,11 centriolar satellites most typically presented as numerous tiny dots preferentially but not exclusively localized nearby centrioles in undamaged cells. In contrast, DNA damage-induced atypical centrin dots represented considerably larger accumulations of centriolar satellites (Figures  1b-d) . When PCM-1 immunofluorescence alone was used to identify cells with such larger-than-usual aggregates of centriolar satellites, we found a highly significant induction of this phenotype in response to 10 mM bleomycin (Figure 2h) .
To confirm the notion that atypical centrin dots represent centriolar satellites using an independent method, we performed immunogold electron microscopy. In response to bleomycin treatment, we consistently observed aggregates of granules resembling centriolar satellites as documented in the literature (electron-dense, spherical granules measuring 70-100 nm; Bärenz et al. 7 and Kubo et al.
8
), which were marked by immunogold following primary immunostaining for centrin (Figures 3a-d ).
In agreement with our findings from both live cell imaging and co-immunofluorescence, these structures were found as singular or multiple aggregates both in close association and further away from centrioles (Figures 3a-d) . Together, these findings strongly suggest that atypical centrin dots represent excessive production of centriolar satellites.
DNA damage-induced accumulation of centriolar satellites is not restricted to centrin-overexpressing cells To exclude the possibility that the de novo appearance of centriolar satellites after DNA damage represents a phenomenon restricted to cells overexpressing centrin or to A549 cells, we screened both parental A549 and U2OS cells treated with bleomycin for these structures using centrin immunofluorescence staining. In both cell lines, atypical centrin dots negative or only weakly positive for g-tubulin and strongly positive for PCM-1 were found (Figures 4a and b, and data not shown). Interestingly, we observed a higher degree of morphological variation among atypical centrin dots in U2OS cells where these structures more Supplementary Table S1 ). ***These differences are highly significant (Po0.001). Figure S2 ). To obtain a consistent measure of centriolar satellites in U2OS cells, we used co-immunofluorescence staining to quantify larger-than-usual PCM-1-positive dots containing centrin after 48 h of treatment with 10 mM bleomycin in comparison with untreated controls, which revealed a significant induction of these structures by bleomycin (Figure 4c ). We conclude that DNA damage-induced accumulation of centriolar satellites is not restricted to centrin overexpression or a specific cell line.
Accumulation of centriolar satellites precedes centrosome amplification in response to DNA damage As centriolar satellites have been reported to be involved in recruitment of proteins to the centrosome, 9 it is reasonable to assume that centriolar satellites observed after DNA-damaging treatment likewise function to transport centrosomal proteins to the site of centrosome assembly during the process of centrosome amplification. As our previous experiments indicated that centriolar satellites excessively formed in response to DNA damage could be reliably identified as g-tubulin-negative atypical centrin dots, we tested this hypothesis by co-immunostaining for centrin and g-tubulin to quantify cells with centrosome amplification (defined as more than two g-tubulin signals) or atypical centrin dots only. As expected, rising levels of atypical centrin dots preceded centrosome amplification in both A549 and U2OS cells in response to DNA-damaging treatment with either bleomycin or ionizing radiation (Figures 5a-f ). In accordance with bleomycin leading to continuous damage whereas ionizing radiation-induced punctual damage at 0 h, the proportion of cells harboring atypical centrin dots only dropped from a maximum after 24-48 h to clearly lower levels at later time points after ionizing radiation while it remained elevated during continuous bleomycin treatment (Figures 5a-d) . It should also be noted that cells with amplified centrosomes usually still contained atypical centrin dots, which additionally confirmed a relation between these phenotypes (Figures 5e and f) . We conclude that DNA damageinduced centrosome amplification is preceded by accumulation of centriolar satellites.
The Chk1-mediated DNA damage response leading to centrosome amplification involves protein recruitment via centriolar satellites In a final set of experiments, we sought to correlate our findings with known mechanisms of centrosome amplification/duplication. One question to be asked is whether the sequence of DNA damage-triggered formation of centriolar satellites and centrosome amplification is restricted to S phase, the only cell cycle phase where physiological centrosome duplication takes place. First of all, our observations from live cell imaging seemed to indicate that physiological centriole duplication in S phase and centriolar satellite formation are independent from each othersee Figure 1b : the upper panel shows an example with no centriole duplication at all, the middle panel shows centriole duplication in parallel with centriolar satellite formation and the lower panel shows an example where a cell with already duplicated centrioles acquires centriolar satellites. To further corroborate the assumption that this phenotype is independent of the cell cycle stage, we analyzed A549 cells g irradiated with 10 Gy after synchronization in G 2 phase, which revealed a significant induction of atypical centrin dots 48 h later (when this phenotype is predicted to reach its maximum) in a proportion of cells comparable to that found in asynchronous cells (Supplementary Figures S3a and b, compare to Figure 5c ). We conclude that this phenotype is not restricted to S phase.
Having established that DNA damage-triggered centrosome amplification is preceded by accumulation of centriolar satellites, we sought to further confirm this notion by testing two Figure 2 . DNA damage-induced atypical centrin dots indicate excessive formation of centriolar satellites. (a-g) A549 cells stably expressing CETN2-Dendra2 (green) were harvested after 48 h of treatment with 10 mM bleomycin and immunostained with antibodies as indicated (red). DNA was counterstained with 4 0 ,6-diamidino-2-phenyl indole (DAPI; blue). Scale bars represent 10 mm. Insets show centrosomes at higher magnification. (h) A549 cells stably expressing CETN2-Dendra2 were grown in parallel for 48 h, either in normal medium or in medium containing 10 mM bleomycin. Cells were immunostained with an antibody to PCM-1. Six times 100 cells per data bar were classified as harboring regular PCM-1 signals or larger-than-usual PCM-1 dots. ***This difference is highly significant (Po0.001).
predictions: first, as it was previously established that transport of centrin and other centrosomal proteins to their centrosomal target structures depends on dynein/dynactin, 9 DNA damageinduced centrosome amplification may be attenuated when dynein is inhibited. Sodium orthovanadate, which is a general ATPase and phosphatase inhibitor at higher concentration ranges, elicits some specificity as a dynein inhibitor at lower concentrations. 28 We therefore incubated A549 cells expressing CETN2-Dendra2 with 10 mM bleomycin and 10 mM sodium orthovanadate. Both 48 and 96 h after start of treatment, centrosome amplification was significantly reduced in comparison with cells treated with bleomycin alone (Figure 6a ). Morphology indicated that the integrity of cells, centrosomes and centriolar satellites was unaltered by this treatment (Figure 6b ), arguing against nonspecific effects and for a specific role of dynein in centrosome amplification. This was further confirmed by using an alternative chemical inhibitor of dynein, erythro-9-(2-hydroxy-3-nonyl)adenine, which was more toxic at the concentration used but likewise impaired bleomycin-induced centrosome amplification in U2OS cells (Figure 6c) , and by disruption of the dynein/dynactin complex using transient overexpression of dynamitin, which had the similar effect (Figure 6d ).
Our second prediction was based on published evidence that in human cells, DNA damage-triggered centrosome amplification is mediated by Chk1 and can be prevented by its inhibition. 22 We therefore investigated the emergence of atypical centrin dots 48 h after initiation of bleomycin treatment (when this phenotype is predicted to reach its maximum, see Figures 5a-d) using a range of different concentrations of the Chk1 inhibitor UCN-01. As predicted, UCN-01 led to a dose-dependent reduction of atypical centrin dots in both A549 and U2OS cells (Figures 7a and b) . The similar effect could be observed when 10 Gy of y radiation was used to damage A549 or U2OS cells, while UCN-01 alone had no significant impact on the centriole amplification pathway (Figures  7c and d) . To more specifically inhibit Chk1, we efficiently depleted this protein using siRNA, 29 which likewise led to a significant reduction of atypical centrin dots in response to DNA damage (Figure 7e ). We also sought to test the combination of bleomycin and UCN-01 in our live cell imaging setting after photoconversion. Although the combined toxicity of both drugs and phototoxicity appeared to significantly affect cell integrity and survival, thereby limiting the validity of live cell imaging for assessing Chk1 inhibition in this setting, cells remaining intact after 72 h did not show any atypical or supernumerary centrin dots (Supplementary Table S1 ). Taken together, our data confirm that DNA damage-triggered, Chk1-mediated centrosome amplification is preceded by accumulation of centriolar satellites that may serve to transport centrosomal proteins to newly assembled centrosomes by a mechanism involving dynein.
DISCUSSION
It is well established that DNA damage, especially treatment inducing DNA double-strand breaks, leads to the appearance of excessive numbers of centrosomal signals. Whether such additional signals detected by immunofluorescence represent true amplification, resembling excessive rounds of physiological duplication or a related process, or fragmentation of already Figure 3 . Immunogold electron microscopy of centrin-containing centriolar satellites arisen in response to DNA damage. A549 cells stably expressing CETN2-Dendra2 were treated with 10 mM bleomycin for 48 h and subjected to transmission electron microscopy after immunostaining with a primary antibody to centrin and a secondary antibody conjugated to 6-nm gold. Scale bars represent 500 nm in (a) and (b) and 200 nm in (c) and (d).
existing centrosomes, has been a matter of controversy up to now. 18, 20, 22 The first aim of this study was therefore to differentiate between these two possibilities. Our live cell imaging data using photoconvertible centrin strongly support amplification for several reasons: First of all, we never observed fragmentation, which almost certainly would have been detected by the method used if present. Moreover, we directly observed highly significant numbers of de novo-formed CETN2-Dendra2 signals, identifiable as newly synthesized signals exceeding background levels following DNA-damaging treatment and photoconversion at the start of observation. We verified these excessive CETN2-Dendra2 signals as being a physiologically relevant cellular reaction by several means: First, an artifact caused by transgene overexpression or restricted to A549 cells could be ruled out by detection of similar signals in both parental A549 and U2OS cells using immunostaining for centrin. Second, artificial deposits of fluorescent dye or transgene are also unlikely because of the persistence of these signals over several time points as well as their changeability and mobility with variable association to centrioles.
However, live cell imaging alone did not allow differentiation between excessive numbers of centrioles and other newly formed structures containing centrin. We therefore used co-immunofluorescence to further characterize atypical centrin dots, which led to the surprising conclusion that they represent centriolar satellites, as these structures were positive for all centriolar satellite markers used while being negative for all other markers. This notion was further supported by immunogold electron microscopy showing typically located centrin-positive structures resembling centriolar satellites as previously documented by others, 7, 8 and by detection of excessive formation of centriolar satellites in response to DNA damage using PCM-1 immunofluorescence.
Having established that DNA damage leads to excessive formation of centriolar satellites, this could still have been a phenomenon completely unrelated to DNA damage-induced centrosome amplification. We therefore started several attempts to verify the relation between both phenomena: First of all, the sequence of atypical centrin dots preceding centrosome amplification clearly favored a relation between both cellular reactions. To further confirm this relation, we utilized existing evidence about both processes: On one hand, published data clearly suggest that centriolar satellites serve as assembly points for centrosomal proteins, including centrin, with proven consequences for physiological cellular processes such as microtubule organization. 7, 9 Hence, they might function in an analogous manner during the process of centrosome amplification. To test this possibility, we exploited existing evidence that recruitment of proteins to their centrosomal target structures via centrosomal satellites is a process involving activity of dynein/dynactin. 9, 12 Indeed, inhibition of dynein by different complementary approaches suppressed DNA damage-induced centrosome amplification, which further supports a relation between centrosome amplification and a protein recruitment mechanism involving centriolar satellites. On the other hand, published evidence suggests that DNA damage-induced centrosome amplification is mediated by Chk1. 21, 22, 25 Hence, a strong confirmation that accumulation of centriolar satellites is an integral part of this pathway would have been the suppressibility of this phenotype by Chk1 inhibition. This was indeed the case, as demonstrated using both chemical inhibition in two different cell lines and siRNA-mediated depletion of Chk1.
Interestingly, a comparable phenotype has been observed in cells arrested in S phase by hydroxyurea, which induces centriolar satellites and dynein-dependent centriole overduplication in a similar manner. 30 Our data are in good agreement with these observations and for the first time demonstrate emergence of centriolar satellites in response to induction of DNA double-strand breaks. In addition, our data indicate that this process may occur independently of regular centriole duplication in S phase.
In summary, we are able to provide a unified model in which a Chk1-mediated DNA damage checkpoint leads to G 2 /M arrest and stimulates excessive formation of centriolar satellites, which constitute assembly platforms for centrosomal proteins. Subsequently, these proteins are transported to their target structures, where they support the formation of supernumerary centrioles and centrosomes. It should be noted that centrosome amplification might not follow the same course under all circumstances. Apart from DNA damage inducing this phenomenon, centrosome amplification has been described in response to artificial overexpression of various proteins involved in the centrosome duplication machinery either as direct effectors, their upstream regulators or recruitment factors. [31] [32] [33] [34] [35] This raises the question whether centriolar satellites are also involved in these cases. Future research might also reassess the phenomenon of cancerassociated centrosome amplification: 13 Thereby, detection of centriolar satellites might potentially provide a measure to differentiate between DNA damage, overexpression of proteins involved in centrosome duplication and polyploidization as underlying causes of centrosome amplification.
In conclusion, our data provide novel insights into DNA damage-induced centrosome amplification by linking centriolar satellites to this cellular reaction, which on the other hand might also help to better understand the function of centriolar satellites. There is evidence that centrosome amplification can cause chromosomal instability, which by itself is known to be an adverse prognostic factor in malignancies. 14, 36 Hence, centrosome-driven chromosomal instability may play a role in both oncogenesis and acquired therapy resistance, and centriolar satellites might serve as an additional diagnostic tool to stratify cancer patients in the future.
MATERIALS AND METHODS
Plasmid construction, cell culture, cell lines, siRNAs and ionizing radiation A549 cells (ECACC, purchased from Sigma, St Louis, MO, USA) were cultured in RPMI (Gibco, Life Technologies, Carlsbad, CA, USA), U2OS cells (ATCC, Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's medium (Gibco), each supplemented with 10% fetal calf serum (Biochrom, Berlin, Germany) and antibiotics. Human CETN2 (RefSeq BC005334) was cloned into the pDendra2-C vector (Evrogen, Moscow, Russia) using standard methodology. A549 cells stably expressing CETN2-Dendra2 were generated using the Neon Transfection System (Invitrogen, Life Technologies, Carlsbad, CA, USA) according to the manufacturer's recommendations. Using standard methodology, a clone moderately overexpressing the construct was selected and held under selection pressure by 400 mg/l geneticin. A pCMVb vector (Clontech, Mountain View, CA, USA) containing a Myc-dynamitin expression construct (a gift from R Vallee) and an empty pEGFP-C1 vector (Clontech) expressing GFP were transfected using Fugene 6 (Promega, Fitchburg, WI, USA). The following siRNAs were transfected using Oligofectamine (Invitrogen) according to the manufacturer's recommendations: 5 0 -GCGUGCCGUAGACUGUCCAdTdT-3 0 , targeting Chk1, Live cell imaging and photoconversion setup
Live imaging of cells grown in phenol red-free Dulbecco's modified Eagle's medium (31053, Gibco) supplemented with 10% fetal calf serum (Biochrom), antibiotics, 2 mM L-glutamine, 1 mM sodium pyruvate and 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.5) on a suitable dish (FD35-100, World Precision Instruments, Sarasota, FL, USA) was performed at 37 1C in a humidified atmosphere containing 5% CO 2 using an Axio Observer.Z1 microscope equipped with a Plan-Apochromat 63 Â /1.4 objective and AxioVision software (Carl Zeiss Microscopy). Photoconversion of the CETN2-Dendra2 fusion protein from an emission maximum of 507 nm (green) to 573 nm (red) was performed using a LEDproducing monochromatic light of a wavelength of 365 nm (Colibri or Colibri.2, Carl Zeiss Microscopy), whereby exposure time was empirically optimized to induce near-complete photoconversion without affecting cell viability, which was determined by omitting photoconversion in parallel control positions on the same dishes where photoconversion was done. Using the Zeiss AxioVision software, a standardized 'Smart Experiment' comprising automatized imaging steps was designed to minimize phototoxicity and photobleaching due to repeated Z stack acquisition. This 72-h sequence consisted of a Z stack assessing green and red fluorescence (using 38HE and 43HE filters after excitation with an HXP 120 illuminator; Carl Zeiss Microscopy), immediately followed by photoconversion, then three times a sequence of a green/red Z stack (once every 24 h) followed by differential interference contrast transmitted light images every 20 min for 24 h and finally a sequence of 2 Z stacks to get two images of every position separated by 23-32 min (dependent on the number of positions per experiment; Supplementary Figure S2 Electron microscopy Cells grown on glass coverslips were permeabilized for 5 min in PHEM buffer supplemented with 0.5% triton X-100, washed twice in PHEM buffer, prefixed in 4% paraformaldehyde for 30 min, washed twice in phosphatebuffered saline, again permeabilized in phosphate-buffered saline containing 1% triton X-100 for 10 min and washed twice with phosphate-buffered saline. Incubations with a mouse monoclonal antibody to centrin (a gift from J Salisbury; 1:100) for 2 h and a secondary antibody conjugated to 6 nm gold (Aurion, Wageningen, The Netherlands) overnight were each followed by appropriate washes with phosphate-buffered saline. Cells were finally postfixed in 2.5% glutaraldehyde, dehydrated and embedded Figure 6 . Interference with dynein function suppresses centrosome amplification. Significant differences are indicated as follows: *Po0.05, **Po0.01 and ***Po0.001. (a) A549 cells expressing CETN2-Dendra2 were grown in normal medium or medium supplemented with 10 mM bleomycin alone, or 10 mM bleomycin and 10 mM vanadate. All media were renewed after 48 h. Cells were harvested at indicated time points after initiation of treatment, immunostained with an antibody to g-tubulin and evaluated for centrosome amplification (more than two g-tubulin signals). Five times 100 cells were counted per data bar. (b) Examples of A549 cells expressing CETN2-Dendra2 (green) that were treated with 10 mM bleomycin and 10 mM vanadate and evaluated as presented in (a) were selected, representing indicated time points. Cells were immunostained with an antibody to g-tubulin (red). DNA was counterstained with DAPI (blue). Scale bars represent 10 mm. Insets show centrosomes at higher magnification. (c) U2OS cells were grown in normal medium or medium supplemented with 10 mM bleomycin alone, 300 mM erythro-9-(2-hydroxyl-3-nonyl)adenine (EHNA) or both. Cells were harvested after 72 h, immunostained with an antibody to g-tubulin and evaluated for centrosome amplification (more than two g-tubulin signals). Five times 100 cells were counted per data bar. (d) U2OS cells were transiently transfected to express either green fluorescent protein or Myc-dynamitin. After 7 h, all media were replaced, containing 10 mM bleomycin where indicated. Cells were harvested 72 h after addition of bleomycin and immunostained with antibodies to Myc-tag (only cells transfected with Myc-dynamitin) and g-tubulin. Three times 100 transfected cells were counted per data bar.
according to standard methodology. Electron microscopy was performed using an EM410 transmission electron microscope (Philips, Amsterdam, The Netherlands).
Statistical analysis
Results are given as mean ± s.d. Significances were determined using the w 2 test for Figure 1a and the heteroscedastic, two-tailed Student's t-test for all other figures. Figure 7 . The formation of atypical centrin dots depends on Chk1. Significant differences are indicated as follows: *Po0.05, **Po0.01 and ***Po0.001. (a) A549 cells were grown in medium containing a constant concentration of dimethyl sulfoxide (DMSO) and, where indicated in the figure, 10 mM bleomycin and the indicated concentration of UCN-01. Cells were harvested 48 h after initiation of treatment and immunostained with antibodies to centrin and g-tubulin. Three times 100 cells per data bar were evaluated according to whether they showed centrosome amplification (more than two g-tubulin signals) or atypical centrin dots only (this included cells where centrin signals were clearly atypical or their number exceeded four, while cells showing centrosome amplification were excluded from this category). (b) U2OS cells were treated and evaluated as described in (a). (c) As indicated, A549 cells were irradiated with 10 Gy of g radiation and grown in medium containing a constant concentration of DMSO and the indicated concentrations of UCN-01. Cells were harvested 48 h after irradiation and immunostained with antibodies to centrin and g-tubulin. Three times 100 cells per data bar were evaluated as described in (a). (d) U2OS cells were treated and evaluated as described in (c). (e) A549 cells were transfected with the indicated siRNAs. After 24 h, all media were replaced, containing 10 mM bleomycin where indicated in the figure. Forty-eight hours after transfection, lysates were harvested for immunoblotting to control depletion efficiency for Chk1 protein compared with the loading control MCM7. Seventy-two hours after transfection, cells transfected in parallel were harvested for immunofluorescence, which was performed using antibodies to centrin and g-tubulin. Three times 100 cells per data bar were evaluated as described in (a).
